Background: Hypoxia and hypothermia are acknowledged risk factors for those who venture into high-altitude regions. There is, however, little in situ data that can be used to quantify these risks. Here, we use 7 months of continuous meteorological data collected at the South Col of Mount Everest (elevation 7,896 m above sea level) to provide the first in situ characterization of these risks near the summit of Mount Everest.
Background
The combination of low barometric pressure, cold temperatures and high winds that are common in highaltitude environments can compound hypoxic physiological stresses, resulting in an increased risk of hypothermia and frostbite [1] [2] [3] . Towards this end, a comprehensive analysis of mortality on Mount Everest indicated that hypoxia and hypothermia were the leading causes of nontraumatic fatalities amongst climbers, with approximately 30% of all fatalities being attributed to these factors [4] . There is also evidence to suggest that frostbite can inflict sherpas as well, for whom such cold injuries may be an occupational health issue related to inadequate information and clothing [5] .
The impact that the low barometric pressure near the summit of Mount Everest has on success or failure on the mountain has long been a subject of interest amongst physiologists [3] . Messner and Habler's successful ascent of the mountain in 1978 without the use of supplementary oxygen provided the definitive answer to the question as to the ability of humans to survive in this hypoxic environment [3] . Notwithstanding this singular accomplishment, Mount Everest is so high that the low barometric pressure near its summit places humans exquisitely close to the tolerance limit for hypoxia, and changes in pressure near the summit as small as 4 hPa have been argued to be of physiological relevance [6, 7] . Despite this sensitivity, there have been relatively few in situ measurements as to the summit barometric pressure and even fewer sequential in situ observations that would allow one to assess the impact that its temporal variability would have on the hypoxic stress experienced by climbers.
During the 1924 British Expedition to Mount Everest, daily barometric pressure measurements were made at Base Camp (5,029 m above sea level (a.s.l)) on the Tibetan side [8] . These data indicated that the summit attempt by Norton and Sommervell occurred during a period of higher barometric pressure, while that by Mallory and Irvine took place during a period of falling barometric pressure with the magnitude of the drop at Base Camp being approximately 18 hPa [9] . Subsequently, the barometric pressure drop at the summit was estimated to be 10 hPa, with the reduction in magnitude with height being a reflection of the vertical structure of the parent largescale low-pressure system [10] . During the 'Into Thin Air' storm of May 1996, a summit barometric pressure drop of a similar magnitude was estimated to have occurred, based on global meteorological datasets [11] .
The first in situ barometric pressure measurement at the summit of Mount Everest was made on 24 October 1981 when a value of 253 torr or 337 hPa was observed [12] . Another measurement was made on 23 May 1997 when a value of 259.5 torr or 346 hPa was recorded [13] . Subsequent re-calibration efforts suggested that the barometer used in 1997 was biased high at cold temperatures, and a corrected summit barometric pressure was estimated to be 252.5 torr or 337 hPa [13] . a In 1998, an automatic data recorder capable of measuring temperature and barometric pressure was placed on the South Col of Mount Everest (7,986 m a.s.l) [14] . The station operated from May 5 to August 26, although the temperature measurements after early July were unreliable as a result of snow covering the sensor [15] . The data showed a tendency for an increase in temperature and barometric pressure during the transition from the premonsoon to monsoon period [13, 15] . In addition, a severe weather event characterized by high wind speeds that occurred on May 10 was captured by the device, and during this event, a barometric pressure drop of approximately 6 hPa was observed [15] . Using meteorological datasets, this event was shown to occur during the passage over Mount Everest of a jet streak, an embedded core of high wind speeds within the subtropical jet stream, that was associated with a tropopause fold, an intrusion of ozonerich stratospheric air into the upper troposphere [15] .
Comparisons of the barometric pressure and temperature as recorded by the device during 1998 were also made with the corresponding time series extracted from global meteorological datasets, and good overall agreement was found [15] . However, during the May 10 event, the global meteorological datasets underestimated the magnitude of the barometric pressure drop by approximately 40% [15] .
The 1998 temperature data collected at the South Col have been used to estimate the wind chill temperature (WCT), defined as the temperature in still air that would result in the same steady-state facial heat loss as occurs at a given temperature and wind speed [16] . This work highlighted the extreme hypothermic stress experienced by climbers high on Mount Everest. However, the lack of in situ wind speed data required an assumption as to its value, limiting the usefulness of this initial estimate.
The first quantitative estimate of the risk of cold injury at high altitude has only recently been provided [17] . This was accomplished through the use of temperature and wind speed data extracted from global meteorological datasets of the sort that were validated previously with data from the Mount Everest region [15, 18] . This study focused on two parameters: the WCT and the facial frostbite time (FFT), defined as the time it takes for facial flesh to freeze. Throughout the year near the summit of Mount Everest, it was shown that the typical WCTs and FFTs are always less than −30°C and 20 min, respectively [17] . During the spring climbing season, WCTs of −50°C and FFTs of 5 min are typical; while during severe storms, they can approach −60°C and 1 min, respectively. During the May 1996 'Into Thin Air' storm, the instantaneous WCT and FFT approached values typically found during the winter months [17] . This work highlighted the crucial role that wind speed played in increasing the hypothermic stress near the summit and also confirmed that the previous estimate was biased low as a result of the assumption as to the magnitude of the wind speed in the region [16] .
A retrospective analysis of the environmental conditions during the spring 2006 climbing season on Mount Everest, a season that was marked by two high-profile solo bivouacs above 8, 500 m [19] , emphasized the important role that seasonality and variability associated with large-scale weather systems play in the hypothermic stress experienced by climbers [20] . In particular, the event early in May of that year, in which the climber died, occurred when hypothermic stress was approximately 1 standard deviation more severe than usual, while the event late in May, in which the climber survived, occurred when this stress was approximately 1 standard deviation less severe than usual [20] . In addition, the warming trend during May, when combined with a tendency for a reduction in wind speed during the month, also meant that the hypoxic and hypothermic stresses later in the month were less severe than those earlier in the month [20] .
However, there have not been any estimates of the hypothermic stress high on the mountain that rely on in situ meteorological observations. In addition, the lack of a long time series of the background environmental fields has limited our ability to fully characterize the hypoxic stress near the summit and its impact on climbers. In this paper, we make use of a unique time series of barometric pressure, temperature and wind speed collected at the South Col of Mount Everest from May through December 2008 to characterize the environmental conditions high on Mount Everest and the resulting hypoxic and hypothermic stresses. In addition to being the highest elevation at which an automatic weather station has ever been deployed, the South Col is also important as it is the location of the high camp on the Nepalese side of the mountain, and hence, climbers typically spend up to 24 h at or above this location during their summit attempts.
Methods
On 13 May 2008, a team of Italian and Nepalese climbers, as part of the Stations at High Altitude for Research on the Environment Project succeeded in installing an automatic weather station at the South Col of Mount Everest (7,986 m a.s.l). This represents the highest automatic weather station anywhere in the world (Figure 1 ). The station was able to make continuous measurements of barometric pressure, temperature, wind speed and direction, relative humidity and solar radiation. Details on the instruments and level of the accuracy of the measurements are reported in Table 1 . The station had a microwave downlink that allowed for real-time access to the data. The data were recorded every 10 minutes as average values, and for this paper, we use data over the period from May through December 2008. Due to the extreme environmental conditions of South Col and resultant malfunctioning of the meteorological instruments, the relative humidity measurements were terminated on 31 October, wind direction on 21 November and wind speed on 1 December 2008. Air temperature and barometric pressure measurements extended until 20 December and 17 December 2008, respectively.
For this paper, the 10-min data were scanned for anomalous values and then averaged to provide hourly mean data. Data continuity was excellent, with good data available approximately 99% of the time. The hourly mean data were further averaged to provide daily mean values that were used in assessing the variability associated with large-scale weather systems and seasonality. In addition, the hourly mean data for each month were also averaged to provide information on the daily cycle. All times in this paper are with respect to Nepal Standard Time (NST), defined as GMT + 5:45 h.
Research into quantifying the combined impact of high wind speeds and low temperatures on hypothermic stress has been ongoing for over 60 years [21, 22] . A recent collaboration between the American and Canadian Weather Services has resulted in the development of new expressions for WCT and FFT that combine results from wind tunnel studies of heat loss from human subjects with model studies of the heat transfer from the human face [23] . Please refer to Table 2 for the WCT and FFT formulae arising from this collaboration. We also introduce two new parameters: the wind chill temperature deficit (WCTD) that is defined as the difference between the observed temperature and the WCT, and the facial frostbite time deficit (FFTD) that is defined as the difference between the observed FFT and the FFT that would occur if the wind speed was zero. These new parameters provide an estimate of the additional hypothermic stress that is occurring as a result the combined effects of low temperatures and high wind speeds.
It should be noted that the WCT is an equilibrium or steady-state parameter that does not take into account the dynamical aspects of hypothermia [24] . In addition, there may exist combinations of temperature and wind speed that provide the same WCT but different values of FFT [24] . It is for these reasons that it has been proposed that FFT, which is a dynamic parameter that is a measure of the time it takes for flesh to freeze, is a more robust indicator of the risk of cold injury [24] .
In addition, it must be emphasized that these expressions were derived at sea level and there are meteorological and physiological issues with applying them at altitude [16, 17] . In particular, the convective heat loss is proportional to the square root of the Reynolds number, which in turn depends on the product of the air density and wind speed [25] . The reduction in air density with height would result in a reduction in heat loss. However, both the WCT and FFT rely on the wind speed at a height of 10 m, and the expressions assume a decrease in wind speed with height in the lower 10 m of the atmosphere [23] . The measurements at the South Col were made at a height of 3 m (Table 1) , and the scaling requires an effective increase of 50% in the wind speed in the expressions for WCT and FFT [23] . These two effects would cancel out to first order [17] , and as a result, we have chosen to make no correction to the wind speed. In addition to these meteorological effects, the physiological effects of high altitude including hypoxia and dehydration can exacerbate the hypothermic stress as compared to sea level [2, 26] . These effects are also not incorporated into the expressions. With the above caveats and in the absence of expressions for WCT and FFT that are appropriate for use at high altitude, it is our assertion that the existing expressions provide valid estimates of the risk for cold injury.
Results
In Figure 2 , we show the time series of the daily mean summit barometric pressure, temperature and wind speed from May through December 2008. Also shown are the median values as well as the first and third quartile values for each month. Table 3 provides the median and quartile values for each month. The median and quartiles were used rather than the mean and standard deviation to provide less emphasis on extreme events. All three time series clearly show the transitions between the pre-monsoon, monsoon and post-monsoon periods. These periods roughly correspond to the spring, summer and autumn seasons. It should be emphasized that the pre-monsoon period is not fully characterized as a result of the lack of data prior to mid May. The first transition, i.e., pre-monsoon to monsoon, occurred around June 1 and was characterized by an increase in pressure and temperature and a decrease in wind speed. For example, the median barometric pressure for May was 381.5 hPa and was 385.2 hPa during June. In addition, all three time series also show a decrease in variability across this transition. For example, the difference between the third and first quartile wind speed was 5.9 m/s during May and 2.1 m/s during June.
Monsoon conditions, characterized by approximately constant median values and low variability, prevailed during the period from June through August. The transition to post-monsoon conditions occurred around the first of September and was characterized by decreasing barometric pressures and temperatures and increasing wind speeds as well as an increase in variability. For example, the median temperature was −12.6°C in August and decreased to −16.4°C in September, while the difference in the third and first quartile wind speeds increased from 2 m/s in August to 9.4 m/s in September.
The post-monsoon period was also characterized by the occurrence of numerous events in which there was a dramatic decrease in barometric pressure, including an event in early November when there was an approximate 10-hPa drop. These events, most likely associated with the passage of large-scale low-pressure systems, contributed to the large variability in barometric pressure during this period. For example, during October, the difference of the third and first quartile barometric pressure values was 4.2 hPa. Figure 3 shows the corresponding time series for WCT and WCTD. Recall that WCTD is the difference between the actual temperature and the WCT and so provides a measure of the impact that wind speed has on the rate of heat loss from the human body. Table 4 provides the median and quartile values for each month. The WCT time series has the same general shape as the temperature time series (Figure 1 ) but with a negative offset, illustrated by the WCTD time series, that varies from approximately 10°C in May to 5°C during June, July and August, and then from 15°C to 20°C from September through December. Both the WCT and WCTD show a decrease in variability during the monsoon period as compared to the pre-and post-monsoon periods. Figure 4 shows the corresponding time series for FFT and FFTD. Again, recall that FFTD is the difference between the FFT and facial frostbite time in the case in which the wind speed is zero and so provides another estimate of the impact that wind speed has on heat loss from the human face. Table 5 provides the corresponding median and quartile values for each month. The FFT time series shows clear evidence of the pre-monsoon to monsoon transition as well as the monsoon to postmonsoon transition. For example, the median FFT is always less than 20 min during the pre-and post- monsoon periods, approaching 6 min in the postmonsoon period; while during the monsoon period, it is typically more than 60 min. The variability in FFT is also typically larger during the monsoon period as compared to the pre-and post-monsoon periods. The FFTD time series is approximately constant throughout the period from May to December at approximately 5 to 15 min. There are, however, periods where the FFTD is more than 15 min that correspond to situations where the wind speeds are high, as well as periods where FFTD is less than 5 min that correspond to situations where the wind speeds are low.
In addition to changes in the environmental, hypoxic and hypothermic risk parameters on monthly and seasonal timescales, climbers are also typically impacted by changes that occur during a typical day. This is especially true on summit day when climbers usually spend 24 to 36 h on the mountain at or above the South Col. Given the similarity noted above during each of the premonsoon, monsoon and post-monsoon periods, representative months during each period were selected for characterization of the daily cycle. May and October were selected for the pre-and post-monsoon periods since these months are when most of the summit attempts are made, with May being by far the month with the most attempts. Please note that, as discussed above, May is not fully characterized as a result of the lack of data during the first half of the month. July was selected to represent the monsoon period. contains the daily mean values for these months as well as estimates of the variability in the amplitude of the daily cycle, as represented by twice the maximum of the standard deviation of the hourly data for each month.
The use of median and quartile values generated similar results with evidence of higher noise levels due to the reduced number of degrees of freedom. It should be emphasized that the daily cycle as represented here includes the variability associated with passing largescale weather systems. The timing of these systems is essentially random and so should average out with respect to the daily cycle. However, if the variability associated with these systems is large, then there will be a tendency for this variability to mask out any variability associated with the daily cycle. This is, of course, important for climbers as it implies that in this instance, extreme values can occur at any time during the day. Figure 5 shows the daily cycle in barometric pressure during May, July and October with measures of the variability in the amplitude of the daily cycle. Again, the transition in barometric pressure across the periods is evident by the higher values during the monsoon period. In all months, the pressure has a semi-diurnal daily cycle with minima near 04:00 and 16:00 NST and maxima near 10:00 and 20:00 NST. The amplitude of the daily cycle is smallest during the monsoon period and largest during the post-monsoon period. Variability is also highest during the post-monsoon period, with a value in the order of 7 hPa. That is, on a given day in October, there is a 33% chance that the change in barometric pressure would be as large as 7 hPa. Figure 6 shows the corresponding time series for the temperature. There is evidence of a pronounced diurnal cycle in both May and July. This cycle is most pronounced in July as is the variability in the amplitude. In addition, the timing of the warmest temperatures occurs earlier in the day during July. In contrast, there is less evidence of a diurnal cycle during October. The variability in amplitude is nevertheless large. Figure 7 shows the corresponding time series for wind speed. There is evidence of a diurnal cycle in wind speed during May, with the highest wind speeds typically occurring around 12:00 NST. During May, climbers could expect to experience an increase in wind speed as high as 10 m/s during the course of the day. In contrast, there is no evidence of a diurnal cycle during July or October. As expected from Figure 2 , the wind speeds are generally weak during the monsoon period. Even though there is no evidence of a diurnal cycle during October, the average wind speed is largest at a value of 19.5 m/s. Figure 8 shows the corresponding time series for WCT. For this parameter, there is only a weak diurnal cycle for all the months, indicating that climbers would expect to experience the same hypothermic stress throughout the day. The reasons for this behavior are different for the various months. In May, the wind speeds are highest during the period of the day when the temperatures are warmest and vice versa. As a result, these two effects compensate, resulting in an approximately constant WCT throughout the day. Nevertheless, there is still the possibility of a large change in WCT that can exceed 20°C during the day in July. During July and October, the muted diurnal cycle in wind speed was most likely responsible for the lack of a pronounced daily cycle.
We conclude the presentation of the results with Figure 9 , which shows the time series for FFT. In contrast to what occurred for WCT, there is evidence of a pronounced diurnal cycle in both May and July. This is most likely the result, as discussed above, of the difference between dynamic FFT parameter as compared to the more static WCT parameter. During May and July, the FFT time series closely resemble the temperature time series with minima in the early morning and maxima in the afternoon. It should, however, be noted that the FFTs during July are so high to be not a factor. In contrast, October again has little evidence of a diurnal cycle. During May, the average value of the FFT can be as long as 15 min for the whole day, while for October, it decreases to 8 min. Moreover, during October, the FFTs that can be lower than 2 min anytime during the day.
Discussion
This paper represents the first comprehensive analysis of the in situ environmental conditions that occur high on Mount Everest and their impact on hypoxic and hypothermic stresses. This is accomplished as a result of the availability of high-frequency (i.e., less than 1 h) and long-term (i.e., over 7 months) barometric pressure, temperature and wind speed data from the South Col of Mount Everest. These data collected at an elevation of 7,986 m a.s.l, as well as estimates of the WCT and FFT that are derived from it, allow for the first characterization of variability due to large-scale weather systems and seasonality across the pre-monsoon, monsoon and postmonsoon periods. It also allows for a characterization of the daily cycle in these parameters for the same periods. It should be emphasized that the pre-monsoon period is not fully characterized as a result of the lack of data prior to the middle of May, when the station was installed during a climbing expedition. This is unfortunate as the premonsoon period is when most summit attempts occur.
As we have seen, seasonality plays an important role in the environmental, hypoxic and hypothermic conditions that climbers would experience on the mountain. Most noticeable is the impact that the progression in the seasons has on the conditions. During the spring climbing season, April is typically spent acclimatizing, and May is when most summit attempts occur. During the fall, the corresponding months are September and October. From the results presented, with the caveat noted above as conditions when we have no data during April and early May 2008, one can see that climbers in the spring are ascending into increasingly benign conditions, which are of course terminated by the onset of the monsoon in early June. The opposite is the case in the fall when climbers are ascending into increasingly severe conditions. In the fall, it is the cessation of the monsoon in early September that limits the date at which the process can begin.
The results presented in this paper confirm earlier work as to the extreme environment experienced by those attempting to summit Mount Everest and other high Himalayan mountains [16, 17, 20] . It has, however, the advantage of relying completely on in situ data and so is not subject to the caveats applied to earlier work that relied on global meteorological data or assumptions as to the character of some of the parameters. However, it should be noted that possible influence of local (complex) topography can affect meteorological observations (in particular the wind record), thus partially limiting the generalization of the obtained results to the entire region.
In addition, the results presented clearly show that the pre-and post-monsoon periods are characterized by an increase in variability on the weekly timescale that is undoubtedly the result of the passage of large-scale weather systems. During these months, large changes in barometric pressure, temperature and wind speed can occur on the weekly (or lesser) timescale. The magnitude of the barometric pressure changes during the pre-and post-monsoon periods are of sufficient magnitude to be of physiological importance [6, 7] . This variability is also reflected in large variability in the hypothermic parameters. Thus, during these periods, care must be taken in timing ascents so as to minimize the severity of the environmental conditions. In contrast, the monsoon period is one in which the impact of large-scale weather systems is minimized, and this is reflected in the more uniform conditions during this period. Although conditions are generally more benign and stable, there are other hazards, such as heavy snowfall and avalanches, that assume a greater importance during this period.
The daily cycle in the various parameters was also investigated. A semi-diurnal cycle in barometric pressure was evident with an amplitude that was higher in the post-monsoon period. This semi-diurnal variability is most likely related to atmospheric tidal effects and is surprising in that data over the Tibetan Plateau suggest that a diurnal cycle in barometric pressure, forced by solar heating, should dominate [27] . This suggests that there may be some height-dependent effect with regard to the relative importance of the diurnal and semidiurnal forcing of surface pressure variability.
A diurnal cycle in temperature was observed during both May and July. There was, however, a difference in that the warmest temperatures occurred earlier in the day during July. This is most likely the result of differences in the surface energy balance during the pre-monsoon and monsoon periods. During the pre-monsoon period, the South Col is snow-free, and hence, the high heat capacity of the surface would tend to delay the period of the warmest temperatures. In contrast, the South Col is usually snow covered in July, and so, the warmest temperatures would tend to occur around noon, following the daily cycle of solar radiation, as is observed. During October, there was evidence of a weak diurnal cycle in temperature that is in phase with that during May. Again, this is to be expected given the weaker solar forcing later in the year as well as a snow-free surface. The daily variability in temperature is, however, largest in October. This is most likely the result of increased large-scale weather activity whose timing of warm and cold advection is not tied to the solar forcing.
The wind speed shows a clear diurnal cycle in May, and it is most likely a signature of enhanced convective activity tied to solar forcing that is particularly evident in the development of strong thermal wind regimes along the Himalayan valleys located at lower altitudes [28] . Such convective activity can result in severe weather and even thunderstorms on the mountain [11] . The other months do not have as pronounced a diurnal cycle. During July, this is most likely the result of the generally weaker winds during this period, while in October, it is most likely the result of the aforementioned asynchronous timing of the large-scale forcing.
During May and October, the WCT and FFT are approximately constant throughout the day, indicating that the risk of hypothermia is essentially uniform. The reasons for this behavior are however different. During May, the wind speeds are highest during the day when the temperatures are warmest and vice versa. As a result, the wind speed and temperature effects cancel out. In contrast, during October, the wind speeds and temperatures are more uniform during the day. The daily variability in these parameters is highest in October, when it is possible anytime during the day to experience WCTs as low as −50°C and FFTs as short as 2 min. During July, the warmer temperatures and lower wind speeds result in a greatly reduced risk of hypothermia, with WCTs in the order of −20°C and FFTs in the order of 60 min. These results suggest that care must be taken throughout the summit day during the spring and fall climbing seasons, and even though temperatures may be warmer during the day, the higher wind speeds can nevertheless result in an elevated risk of hypothermia and frostbite.
Finally, the results presented provide one with a measure of the environmental risk factors at the South Col. However, wind speeds on the mountain typically increase with height as one moves closer to the core of the subtropical jet [11, 15] , and temperatures tend to decrease [10] . As a result, the approximate 1-km difference in height between the South Col and the summit can result in an elevated risk of hypothermia [17, 20] . As a consequence, the values presented in this paper should be taken as lower bounds for the risk of cold injury above the South Col.
Conclusions
Through the use of a unique set of meteorological observations from the South Col of Mount Everest, the world's highest automatic weather station, we have provided the first in situ characterization of the risk of hypoxia and hypothermia on Mount Everest on daily, weekly and seasonal timescales. The results provide additional confirmation as to the extreme environment experienced by those attempting to summit Mount Everest and other high Himalayan mountains.
In the pre-and post-monsoon periods, the impact of large-scale weather systems can result in elevated hypoxic and hypothermic stresses as a result of lower barometric pressures, higher wind speeds and colder temperatures. In particular, the magnitude of the barometric pressure drops associated with these weather systems are of physiological significance [6, 7] and occur on a timescale that does not allow for acclimation. The timing of these events is not tied to the daily cycle of solar radiation, and so, their impact can occur at any time during the day. This may complicate ascents on the mountain that are, for the most part, timed to allow for summiting early in the day.
Above the South Col, wind speeds tend to increase and temperatures tend to decrease [10, 11] . This implies that the hypothermic stress above the South Col is higher than that described in this paper. This is in addition to the documented increase in the hypoxic stress above the South Col [3] . Thus, the results presented here represent lower bounds on the risks that occur at higher heights. Given that climbers may be spending more than 18 to 24 h above the South Col, these risks are significant [4] .
Unfortunately, the results presented in this paper cannot address the important issue of inter-annual variability. This aspect of the meteorology of the high Himalaya has not been extensively studied. There is, however, evidence that large-scale meteorological processes such as El Niño can impact the weather on Mount Everest [10] , thereby impacting the hypoxic and hypothermic stresses. Long-term trends arising from global warming can also impact these stresses through changes in the background meteorological fields [10, 29, 30] .
Endnotes a In what follows, we will use hectopascal (hPa) as our unit for barometric pressure. The conversion to torr is accomplished by dividing by 1.333.
